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With advancements in miniaturization technologies, novel and innovative
approaches to space and planetary explorations are being realized. An outcome of
these innovations is a new class of small satellites referred to as CubeSats. CubeSats
are popular within the space community (including new space entrants) due to their
smaller form factor, lower costs, and faster development times as compared to
traditional monolithic satellites. Currently, most CubeSat missions are developed in an
ad-hoc manner due to the lack of structured procedures and protocol since suitable
project life-cycle processes do not exist. Existing project life-cycles developed by NASA
and other space/government agencies were developed specifically for traditional
monolithic satellite missions and are not suitable for CubeSat class missions. Thus,
there is a need to reimagine a project life-cycle for CubeSat class satellites.

This dissertation develops a comprehensive project life-cycle (inception, design,

development, and operation/retirement) for a class small satellites that are launched

from containers (1 .e., containerized satel

Cycleo | ever ages ap pouscepisting aroject lifa-sypesands o f
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engineering activities performed by the space/government agencies and the small
satellite community. The project life-cycle has six phases, Pre-Phase | through Phase V,
where Pre-Phase | is a systems engineering training activity catering to new space
entrants and/or academic institutions. Phase I identifies the mission concept and a
preliminary design is developed. Phase Il matures the design into detailed design and
Phase Ill addresses component/subsystem development, integration, and testing.
Phase IV addresses the system level assembly and integration, environmental testing,
and launch preparation. Phase V addresses the post launch operations up to and
including retirement and disposal. Reviews are used to transition between the phases.
The efficacy of the project life is assessed through two applications, one is an actual
small satellite mission known as SwampSat Il and the other is a non-mission project
known as DebriSat. Through these applications it was shown that the Containerized
Satellite Mission Life-Cycle is a structured process that is adaptable and flexible, and

can be applied to containerized satellite missions as well as non-satellite missions.
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CHAPTER 1
BACKGROUND

History of Satellites and Satellite Catalog

Since Sputnik-1, the first successful spacecraft launched by the Soviet Union in
1957 [1], thousands of spacecraft have been launched to space by numerous countries.
These spacecraft are launched for various reasons such as, technology demonstration,
human and non-human exploration, scientific experiments, remote sensing,
communication, Earth and space weather, human capacity development, and many
more. A satellite catalog (SATCAT) from Celestrak [2], shows a list of cataloged objects
in space with various information (i.e., catalog numbers, object names, launch date,
altitudes, periods, etc.). As of March 10, 2018, there are a total of 43,234 numbers
shown in SATCAT, where the numbers are sequentially cataloged based on the
launched date. Utilizing the date information (launch and decay) from SATCAT, Figure
1-1 was generated to showcase the growth of space objects, decayed objects (i.e.,
atmospheric reentry), and in-orbit objects since 1957. 56% of the objects have decayed
(24,302) and the remaining 44% (18,932) of the objects are currently in orbit. The
number of in-orbit objects have continued to grow as the years have progressed. This
trend may be a safety concern for future space missions due to the orbit congestion. In
this document, the terms spacecraft and satellite are used interchangeably.

The SATCAT does not limit the cataloged objects to just spacecraft. All of the
cataloged objects are categorized and listed as either spacecraft, rocket body, or debris.
A distribution of all of the objects in space is shown in Figure 1-2, where two third of the

counts are debris (66%) and the other third is either spacecraft (20%) or rocket bodies
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(14%). This distribution is concerning for the space community since majority are debris

and may pose as threats to the current and future space missions.

Catalog of Space Objects (As of 3-10-2018)
45,000 T T T T T T T T T T
Cataloged Objects (43,234) [
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Figure 1-1. History of cataloged objects in space since 1957.

Distribution of all objects in space (43,234)

Figure 1-2. Distribution of cataloged objects in space since 1957.
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All objects launched into space are released at a particular altitude. Altitude is
calcul ated from the Earthos sea | evels and ty
separating Earthb s at mos pher e [BH4]. Figuetl-8A repsepents perigee
altitude for all objects launched into space and Figure 1-3B shows where majority of the
objects are launched (less than 40,000 km). In Figure 1-3B, there are three distinct
regions where the objects are launched: low Earth orbit (LEO, less than 2,000 km),
medium Earth orbit (MEO, around 20,000 km) and geostationary orbit (GEO, within 200
km of 25,786 km). To note, some of the altitudes for the cataloged objects are not listed
in SATCAT data (e.g., space probes such as PIONEER 4, MAVEN, VOYAGER-2, and
spacecraft such as AEROCUBE 4, CINEMA, etc.).

Utilizing the SATCAT data and eliminating objects with apogee and perigee
altitudes greater than 2,000 km, a total number of objects in LEO were determined. A
total of 36,825 objects were cataloged in LEO, which is over 85% of the total number of
objects. An examination of the distribution of these 36,825 objects shows that 18% of
objects are spacecraft, 12% of objects are rocket bodies and the remaining 70% of
objects are debris. This is consistent with the distribution of all cataloged objects (shown
in Figure 1-2). As of March 10, 2018, a total of 13,422 cataloged objects are currently in
LEO. Figure 1-4A shows the distribution of these 13,422 objects; 21% are spacecratft,
6% are rocket bodies, and 73% of objects are debris fragments. This distribution is also
consistent with the distribution of the cataloged objects (shown in Figure 1-2) where it
shows that majority of the cataloged objects are debris and is concerning for the space
community. Figure 1-4B shows the altitudes at which these 13,422 objects are currently

at, where majority of the objects are in the 500 km to 1,000 km region.
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Altitudes of All Objects (As of 3-10-2018)
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Figure 1-3. Altitudes of cataloged objects (as of 3-10-2018); A) all objects and B)

zoomed in.
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Figure 1-4. Distribution of current objects in LEO (as of 3-10-2018).

Why are more objects launched to LEO rather than MEO and GEO? One reason
is that LEO is the closest to Earth and the launch vehicles (rockets) require less fuel to
carry payloads to LEO, which results in lower launch costs. Another reason LEO is
popular is for the maturation of the technologies (i.e., hardware and software) in
relevant environments. The maturation of the technologies advances the Technology
Readiness Levels (TRLs). TRLs were first introduced at National Aeronautics and
Science Administration (NASA) by Sadin, et al. in 1989 [5] and has since been
expanded. TRLs are systematic metrics used to assess the maturity of particular
technology [6] and these metrics are implemented depending on the technology (i.e.,
hardware and/or software) being developed. TRL is organized into nine levels, where
TRL 1 is the lowest maturationlevel (t echnol ogy 6 s anddRLI9¢sther i nci pl e
highest maturation level (on-orbit validation of technology).

LEO is suitable to mature new space technologies due to lower launch and
spacecraft costs. Due to its shorter development time, reduced mass, and reduced cost

(launch and development), small spacecraft have been popular alternatives compared
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to traditional monolithic spacecraft where the technologies have to have been matured
prior to incorporation. In order to test new technologies in the space environment, the
technology developers aim for a cost-effective spacecraft. As a result, innovative
spacecraft (specifically small satellites) have been developed as a platform to test the
new technologies in LEO.

Small Satellites

The definitionofis mal | sat el | i t-goingidisdussien amangthe an on
space communities and there is no universally accepted definition. Table 1-1 shows
some examples of the ambiguity in the satellite classifications definitions as per
organization. For example, the National Aeronautics and Space Administration (NASA)
defines small satellites as satellites less than 180 kg [7], whereas the European Space
Agency (ESA) defines small satellites as 350 kg to 700 kg [8], the Japan Aerospace
Exploration Agency (JAXA) defines it as less than 100 kg [9] [10], Surrey Satellite
Technology Limited (SSTL) defines small satellites as 500 kg to 1,000 kg satellites [11]
[12] [13], and the International Academy of Astronautics (IAA) defines small satellites as
all satellites less than 1,000 kg [14]. SSTL has been a pioneer in low-cost small
satellites and their definition of small satellites has been more widely accepted.
However, further studies, IAA in particular, to universally define the term has been on-
goingg Some study groups are trying to rename th
purpose of this research, the definitions by IAA will be utilized; small satellites are all
satellites less than 1,000 kg and classifications of small satellites as shown in Table 1-1.
Small satellites are not a recent development, they have been launched since the
beginning of space exploration. Specifically, the first spacecraft were all small satellites;

Sputnik-1 (83.6 kg [1]), Sputnik-2 (508.3 kg [15]) and Explorer-1 (13.97 kg [16]) where
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all fit the definition of small satellites. During the early years of the space age, the
technology and the capability of launch vehicles limited the size of the payload. With the
improvements in technologies, the capabilities of launch vehicles increased. In addition,
as the number of advanced technologies increased, the number of technologies
integrated in a single spacecraft increased. This increase in number of integrated
technologies lead to higher power consumption which results in the need for more
power generation. Which ultimatelyr esul t ed i n the | arger Atradil
spacecraft of the 20™ century. Thousands of spacecraft have been launched with
various mission objectives, however, designs, developments, and launches of these
larger spacecraft are time consuming and have extremely high costs due to the
complexity of the spacecraft. In addition, operations during the mission lifetime (typically
over five years for these larger spacecraft) add to higher cost. These costs were
prohibitive and as such most spacecraft were either owned by government or by large
corporations (particularly communication companies). The lower cost of small
spacecraft have opened up a new paradigm of space utilization with academia and non-
government owned spacecraft becoming ever popular

Yet in the mid-1970s Dr. Sir Martin Sweeting and his colleagues, at the
University of Surrey, decided to develop a small satellite utilizing only standard
consumer technology, also known as commercial-off-the-shelf (COTS) components [17]
[18]. Sweeting and his team built UoSAT-1 and successfully launched it in 1981 with the
help of NASA. The 72 kg satellite was cheaper, lighter, and took less time to build
compared to traditional satellites. Following the success of UoSAT-1, the second

microsatellite, UoSAT-2, was also developed by Sweeting and his team and was
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launched by NASA in 1984. Both microsatellites were launched to LEO from
Vandenberg Air Force base in the United States. Dr. Sweeting founded SSTL in 1985
after the successes of the microsatellites to remain at the forefront of small satellite
innovation. These two microsatellites demonstrated the potential for small satellites and
utilization of COTS components in small satellite platforms. Furthermore, the success of
these two microsatellites by SSTL revolutionized the small satellite market and opened
doors for others. Specifically, the popularity of small satellites in academia grew for the
educational hands-on experience while at lower costs.

Table 1-1. Definitions of small satellites.

Organization Classification Mass Range
NASA Small <180 kg
Mini 100 kg 7 180 kg
Micro 10 kg 7 100 kg
Nano (CubeSat) 1kgi 10 kg
Femto and Pico <1kg
ESA Small 350 kg 1 700 kg
Mini 80 kg1 350 kg
Micro 50 kg 1 80 kg
JAXA Ultra Small <100 kg
Micro-Nano 1 kg1 50 kg
Nano-Pico 1 kg
SSTL Small 500 kg i 1,000 kg
Mini 100 kg i 500 kg
Micro 10 kg 7 100 kg
Nano 1kgi 10 kg
IAA Mini < 1000 kg
Micro <100 kg
Nano <10 kg
Pico <1 kg
CubeSats

The small satellites developed in university-level engineering programs during
the 1980s and 1990s were all nano- and microsatellite classes (1 kg to 100 kg).

However, the lack of funding and launch opportunities made it very difficult to launch
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these small satellites [3] [17]. CubeSats, wereintrod uced by Professors

Twiggs at Stanford University and Jordi Puig-Suari at California State Polytechnic
University (Cal Poly) in late 1999 [19]. The concepts of CubeSats originated from
Orbiting Picosat Automated Launcher (OPAL), a 23 kg microsatellite developed by
students at Stanford University and The Aerospace Corporation, to demonstrate
deploying pico-satellites on-orbit via larger satellite [20]. OPAL was a significant
achievement in small satellites by demonstrating the concept of pico-satellites and
innovative on-orbit deployment system. The goal for Dr. Twiggs and Dr. Puig-Suari was
to develop a standard set of dimensions for the pico-satellite class structure that can
easily interface to an orbital deployer. As a result, the CubeSat form factor was defined
and Poly-Picosatellite Orbital Deployer (P-POD) was developed [21]. A 1U standard
CubeSatis a 10 x 10 x 10 cm cube with a mass of 1.33kg or less [22]. The CubeSats
launched to date are 1U, 1.5U, 2U, 3U, and 6U, however, in recent years, new

specifications has increased the size up to 12U and 27U (shown in Figure 1-5) [23].
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Figure 1-5. Different CubeSat form factors.

With introductions of CubeSats and P-PODs and on-orbit demonstration of

OPAL, the launch opportunities for university-built small satellites increased. CubeSats
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are typically launched as a secondary payloads and are deployed into orbit through the

use of deployment containers (deployment containers interface to the launch vehicle).

While size, weight, and power (SWaP) constraints challenge CubeSat designers and
developers with innovative designs, interface to the launch vehicle and ejection into

orbit are not part of design considerations.Var i ous programs such as
Launch Initiative (CSLI) [24] and Educational Launch of Nanosatellites (ELaNa) [25]

provi deb d@hk @ dghveny lgtle cost or no cost which attribute to the increase in

the popularity of CubeSats.

Containerized Satellites

As more innovative CubeSat class satellites are being developed, various
containers (e.g., P-POD [21], X-POD [26], ISIPOD [27], etc.) have also been developed
to deliver these satellites into orbit. Moreover, these containers interface one or more
satellites to the launch vehicle and prevent any harm to the launch vehicle and to others

in the same container. Due to the development of these containers the number of

N /

fcontainerizedo satellites | aunched into orbi

Referring to satellites that are delivered to orbit via deployment containers as
Acontaineri zed savasgénératad o show themistgryaf antalnerized
satellites launched since 2002 (i.e., first CubeSat launch). Each block in the figure
represents a single launch and the colors represents the countries of the launch
providers. In addition, the launches are shown in chronological order (left to right). In
this document, containerized satellites are defined as follows:

AA containerized satellite costainernhat sat el |
interfaces the satellite to the launch vehicle. Such a container (e.g., P-POD [21], X-POD

[26], ISIPOD [27], etc.) may contain one or more satellites and is designed to prevent
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harm to the launch vehicle (and other satellites) as well as deploy the containerized
satellite(s) into orbito.

Since 2002, 373 containerized satellites have been launched (as of July 23,
2015) and over 75% of them have come in between years 2013 and 2015. In the earlier
years, most containerized satellites were launched outside of the United States,
however, since 2009, the majority are launched from the United States. The data
displayed in Figure 1-6 was generated through various sources and including individual
websites [28] [29] [30] [31]. This figure differs from those of Janson [32] and Swartwout
[33] since this considered all containerized satellites with masses less than 30 kg
(includes those that experienced launch failure). In addition, less than 1U size (i.e.,
femtosatellites with masses lessthan 0.1kg or fAsoa-b-ehil pdbpswas not

considered. A list of the containerized satellites are shown in Appendix A.

Containerized Satellite Launches

As of
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Figure 1-6. History of containerized satellite launches.
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With advancements of the deployment containers, launch opportunities
increased and the CubeSat class satellites were launched in swarms (i.e., multiple
spacecraft in a single launch). Due to the increase in the number of CubeSats launched
into space and their smaller form factors, there was a perception that these CubeSats
were contributing to the debris population. However, only less than 400 CubeSats have
been launched since 2002, compared to over 7,000 non-CubeSat class satellites
launched since 1957. In this document, containerized satellite and CubeSat class
satellites are used interchangeably.

Orbital Debris and Space Situational Awareness

Orbital debris is any non-operational object in orbit and is classified as either
natural or man-made objects [34]. Natural objects include meteoroids and asteroids,
and man-made objects are objects launched into orbit. In 1971, Kessler [35] explained
the lack of information regarding the natural objects would present considerable danger
to spacecraft. In his paper, he presented estimates to model the collision frequency in
the asteroid belt. Then in 1977, Kessler and Cour-Palais [36] explained that as the
number of artificial satellites in Earth orbit increases, the probability of collision between
satellites increases at an even faster rate, which in turn would produce more fragments
and increase probability of further collision
Following this, in 1978, Kessler and Burton [37] developed a model that described the
environment resulting from orbiting satellites. In 1987, Johnson and McKnight [38]
published a book entirely on artificial space debris, which most describe as the first
book ever published on artificial (i.e., man-made) debris. After thirty years since the first
man-made object was | aunched to space, the comm

natural orbital debris to man-made orbital debris.
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For the purpose of this research, only man-made space debris is considered and
is precisely defined as follows. fiSpace debris is all man-made objects, including
fragments and elements thereof, in Earth orbit or re-entering the atmosphere, that are
non-functional [39].0 These man-made objects include retired satellites, upper rocket
stages, and break-ups from past on-orbit collisions. A 2008 study by NASA showed that
48% of on-orbit objects are due to satellite breakups [40]. Furthermore in the same
study, the primary causes of satellite breakups are propulsion-related events and
deliberate (mission) actions, but one in five breakups causes are unknown [40].

In 1995, NASA was the first space agency to issue a set of orbital debris
mitigation guidelines which the U.S. National Science and Technology Council
distributed among agencies [41]. Two years later, the U. S. government adopted NASA
guidelines and developed its own orbital debris mitigation standard practices [42]. In
1999, the United Nations (UN) Committee on the Peaceful Uses of Outer Space
(COPUOQS) published a technical report on space debris that discussed the
measurement, modeling, and mitigation strategies for space debris [43]. After a multi-
year effort, the Inter-Agency Space Debris Coordination Committee (IADC) developed a
set of guidelines in 2002 [44]. The IADC is an international organization where members
from space agencies exchange information and research activities regarding space
debris. The IADC members include government space agencies from, Britain (BNSC),
Canada (CSA), China (CNSA), Europe (ESA), France (CNES), Germany (DLR), India
(ISRO), Italy (ASI), Japan (JAXA), Russia (ROSCOSMOS), South Korea (KARI),

Ukraine (NSAU), and the United States (NASA) [45]. After five years, in 2007, the UN

30



COPUOUS adopted the IADC guidelines and developed their own space debris
mitigation guidelines [46].

There are three main research areas of debris: measurement, modeling, and
mitigation. The details of each are discussed in the following sections.

Measurements

Ground and space-based measurements are taken between low Earth orbit
(LEO, less than 2,000 km altitude) and geostationary orbit (GEO, within 200 km of
35,786 km). The ground measurements utilize radar and optical instruments and the
space measurements are performed through impact and optical detectors. Ground
instruments are capable of measuring up to few mm in LEO and 10 cm in GEO,
however, currently only 10 cm or larger objects are actively tracked in LEO through the
United States, Space Surveillance Network (SSN) [47] and other space agencies [48]
[49] [50] [51]. Space-based in-situ instruments are capable of measuring sub-millimeter
debris by impact detectors [52]. An impact detector called the Space Debris Sensor has
been launched and installed on the international space station in January 2018 and has
been collecting in-situ measurements [53].

Modeling

To compensate for high cost of debris measuring instruments, space agencies
around the world have developed space debris environmental models. Space debris
environmental models provide distribution, movement and flux, and physical
characteristics of objects in space. These models use data from historical records of
satellite characteristics, launch activities, orbit collisions and breakups, and
measurements (ground- and space-based). Furthermore, these models are developed

to characterize the current and future debris environment. Specifically, the short term
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models typically consider up to 10 years and the long term models consider the
environment for more than 10 years. Many debris environmental models (short term and
long term) have been developed by various space agencies [43] [54] [55] [56] [57] [58]
[59] and the results are used and shared in IADC working groups [60] [61]. Table 1-2
shows some of the models developed by different space agencies.

Table 1-2. Debris environmental models.

Space Agency (Country) Short Term Model Long Term Model
NASA (USA) ORDEM LEGEND
DAS EVOLVE
MEM
ESA (Europe) MASTER DELTA
ASI (ltaly) SDM
ISRO (India) KSCPROP
JAXA (Japan) LEODEEM
UKSA (United Kingdom) IDES DAMAGE

ROSCOSMOS (Russia) SPDA

With the assistance of these models, various collision risk assessments among
operational spacecraft and space debris have been conducted. In 1994, Rossi, et al.,
presented a collision analysis of debris and stated that an exponential growth is
expected in altitude regions between 700 and 1,000 km and between 1,400 and 1,500
km [62]. In 2006, Klinkrad [63] published a book on space debris modeling and risk
analysis largely focused on European activities. InKlinkrad 6 s book, he descri
conjunction prediction and collision avoidance is possible through careful analyses of
two line elements (TLES). TLEs represent orbital information for each cataloged objects
in space. Recently, there have been more studies of CubeSat collision and conjunction
risk assessments: in 2011, Oltrogge and Leveque assessed orbital lifetime of CubeSats
[64], in 2013 Springmann et al., conducted investigation to the on-orbit conjunction

between CubeSats [65], and in 2014 Lewis et al., conducted an assessment of CubeSat
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collisions utilizing Debris Analysis and Monitoring Architecture to the GEO Environment
(DAMAGE, developed by University of Southampton, U.K.) [66]. The increase in the
studies for CubeSats is largely attribute to the shift in paradigm and as more CubeSat
class satellites are being developed, the space community is becoming more aware that
these CubeSat class satellites are increasing the on-orbit population. Currently, TLES
are cataloged and maintained by US Strategic Command (USSTRATCOM) and its Joint
Space Operations Center (JSpOC) tracks and identifies all artificial objects in Earth
orbit. JSpOC notifies spacecraft owners with proximity predictions and distributes alerts
in case of close approaches [67]. The close approach notifications from JSpOC are one
of the methods seen in debris mitigations.
Mitigation

The space debris mitigation guidelines adopted by the UNCOPUOQOS in 2007
outlines the space debris mitigation strategies during the entire life-cycle phases for
spacecraft and launch vehicles. These life-cycle phases include, mission planning,
design, manufacture, verification, and operation (launch, mission, and disposal) phases.
There are seven guidelines listed in the UNCOPUOUS document and these guidelines
can be broadly categorized into two stages: pre-launch stage and post-launch stage.
The pre-launch stage include mission planning, design, manufacturing, and verification
phases, while the post-launch stage include the operation phase. For each guideline,
the mitigation strategies can be implemented in both the pre-launch and the post-launch
stages. The seven debris mitigation guidelines are:
Limit debris released during normal operations
Minimize the potential for break-ups during operational phases
Limit the probability of accidental collision in orbit

Avoid intentional destruction and other harmful activities
Minimize potential post-mission break-ups resulting from stored energy

arwnpE
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6. Limit the long-term presence of spacecraft and launch vehicle orbital stages in
the low-Earth orbit (LEO) region after the end of their mission

7. Limit the long-term interference of spacecraft and launch vehicle orbital stages
with the geosynchronous Earth orbit (GEO) region after end of their mission

The guidelines #1 through #4 recommends spacecraft and launch vehicle
designers to implement strategies during the pre-launch stage, specifically in the
mission planning and in the design phases. For example, in early years of the space
age, both launch vehicle and spacecraft designers intentionally released mission-related
objects (e.g., nozzle covers, lens caps, deployment mechanisms, etc.) into orbit. To limit
intentionally released mission-related objects, the designers shall not incorporate such
objects in their designs. If the objects are required to be released, those objects can be
designed with a tether or similar so that it does not get released into orbit. Another
example is for the designers to select orbits (altitude and inclination) that have less
probability of accidental collision during the mission planning phase. If the orbit cannot
be selected, the spacecraft and launch vehicle designers can incorporate systems
capable of orbit maneuvers to change orbits to avoid accidental collisions.

Guidelines #5 through #7 are aimed at post-launch stage of the mission.
Guideline #5 recommends the spacecraft and launch vehicle operators to deplete any
stored energy post-mission to reduce potential break-ups resulting from stored energy.
For example, the pressurized tanks can be de-pressurized post-mission so that the
stored energy in the tanks are reduced. There are two ways to dispose of space
objects,de-or bi t and ent ehere, &aaneuva ® diffetenmhaltsugdes. For
objects that de-orbit, the guideline encourages objects to be removed from orbit in a

controlled fashion as well as to not pose risk to people or property if objects survive

reentry. For objects that are disposed by changing orbits, the guideline recommends
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spacecraft to maneuver above the GEO region to avoid interference with other
spacecraft in the GEO region.

Challenges and Issues

While debris research and activities have been an on-going worldwide
participation, there are several noticeable challenges. First, for debris measurements,
only objects 10 cm and greater are actively tracked in LEO. This is a growing concern
since smaller fragments still pose threat to manned and unmanned space missions. The
exact numbers of objects less than 10 cm are unknown and as more femto-class
satellites are being developed and launched to LEO, the problem is compounded. For
example, the KickSat mission of May 2014 [68] was to deploy 128 chip-sized (~5 cm
square) femto-class satellites, however, the deployment failed and none of the chip-
sized satellites were deployed into orbit.

Another challenge is regarding the debris mitigation guidelines. The UNCOPUQOS
mitigation guidelines are only recommended and are not bounded by law. There are
countries that have their own space laws and enforce them to space users. Moreover,
some countries enforce space laws that are not shown in the UNCOPUOQOS debris
mitigation guidelines. For example, NASA programs and projects must conduct formal
orbital debris assesrsamRwite d owlsant e stflye t hpa diedr ¢
stage in LEO must be disposed (i.e., de-orbit) within 25 years after completion of
mission [42] [69].

Another challenge is uncertainties in the debris environmental models. There are
no clear studies to determine uncertainty in these models. To overcome this, various
ground impact tests have been conducted to characterize the on-orbit breakup models

[70]. One of the well-known is the Satellite Orbital Debris Characterization Impact Test
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(SOCIT) series performed in early 1990s [71] [72]. The fourth SOCIT series targeted a
1970s defunct Navy satellite and subjected it to a hypervelocity impact test. In addition,
seven micro-satellite impact tests were conducted through collaboration between
Kyushu University in Japan and NASA (completed in 2007) [73]. Data from SOCIT
series and the Kyushu University-NASA tests have been used in the current satellite
breakup models. Another ground impact test, known as the DebriSat project, was
conducted in April 2014 to update the current satellite breakup model [74].

There were two major on-orbit collision events where the current breakup models
were used to compare with the actual observed debris fragments. The events were the
2007 Fengyun 1C missile test [75] and the 2009 accidental collision of Iridium 33 and
Cosmos 2251 [76]. From these catastrophic events, over 5,700 objects have been
cataloged in the SATCAT to date, however, these cataloged are those that are actively
tracked (i.e., 10 cm and greater). After these catastrophic events, NASA utilized its
currentbr eakup model and compared to the SATCAT
matched well for breakups of old satellite (i.e., Cosmos 2251), however, there were
noticeable differences for the modern satellites (i.e., Fengyun 1C and Iridium 33). Figure
1-7 shows the comparisons between the NASA model predictions and the SATCAT
data; Figure 1-7A shows the comparison between NASA model and Cosmos 2251
fragments [77], Figure 1-7B compares NASA model predictions and the Iridium 33
fragments [77], and Figure 1-7C compares NASA model predictions and Fengyun 1C
fragments [78].

The discrepancies in the NASAOGs breakup

that the model used data from older satellites while Iridium 33 and Fengyun 1C were
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developed using newer materials and process techniques. Based on these inaccuracies
in the predictions, NASA and the Department of Defense (DoD) decided to update the
current satellite breakup models. In order to update the model, a representative LEO
satellite using modern materials and components referred to as DebriSat test article
was developed and was subjected to a hypervelocity impact in April 2014 [74] [79]. The
fragments collected from the DebriSat project are analyzed and used in updating the
current breakup models. Details of the DebriSat project are explained in the later

chapter.
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Figure 1-7. Area-to-mass distributions of the NASA breakup model prediction and A)
Cosmos 2251 [77], B) Iridium 33 [77], and C) Fengyun 1C [78].
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